ABSTRACT: Flavins and related molecules catalyze organic Baeyer−Villiger reactions. Combined experimental and DFT studies indicate that these molecules also catalyze the insertion of oxygen into metal−carbon bonds through a Baeyer−Villiger-like transition state.
S
elective oxy functionalization reactions are among the most important classes of chemical transformations for both biological and nonbiological processes. In contrast to the broad progress on oxygen transfer reactions for olefins, 1 significant barriers remain for the development of catalysts for the selective partial oxidation of saturated hydrocarbons.
2 Transition-metal-mediated partial oxidation of alkanes involves two key steps: C−H bond cleavage and C−O bond formation. In the Pt-based Shilov reaction and related systems, 3 C−H activation occurs at Pt II , and C−O bond formation likely involves a nucleophilic addition to an electrophilic hydrocarbyl coordinated to Pt IV . The required formal two-electron redox sequence between Pt II and Pt IV has limited further development of this process, since scalable reactions with practical oxidants have not been developed. 3, 4 A potential alternative to the Shilov pathway for partial oxidation of alkanes is shown in Scheme 1. 5 In this pathway, a metal alkoxide complex activates a C−H bond for 1,2-addition across the M−OR bond to form a metal hydrocarbyl complex and a free alcohol. Insertion of an oxygen atom into the M−R bond reforms the initial alkoxide complex. The 1,2-addition of C−H bonds across metal−heteroatom bonds is known. In 2004, we reported intramolecular C−H activation by a parent Ru II amido complex 6 17 However, theoretical studies have indicated that the activation barrier for this pathway can be high, especially for late-transition-metal complexes.
18 Thus, the implementation of a combined C−H activation/oxygen insertion strategy for catalytic hydrocarbon oxidation depends on uncovering methods for lowering the activation barrier for oxygen insertion into metal−hydrocarbyl bonds. This work led us to consider catalysts that would facilitate an organometallic BV reaction. To our knowledge, no examples of catalyzed oxygen atom insertion into M−R bonds have been reported.
In biological systems, BV monooxygenases catalyze the oxidation of a variety of substrates, including the conversion of ketones to esters.
19 Flavin-based cofactors play a central role in these enzymatic systems, and small-molecule flavins and other isoalloxazine derivatives catalyze organic BV reactions. 20 Thus, we sought to probe the efficacy of such organocatalysts for the organometallic BV reaction. MTO was chosen as the model substrate because its uncatalyzed reaction with H 2 O 2 is well-understood and because it is amenable to study by 1 H NMR spectroscopy. 16 The reaction of MTO (10 mM) The predominant species in solution under these reaction conditions is B, which can be observed by 1 H NMR spectroscopy to undergo a first-order decay to methanol and perrhenate (ReO 4 − ). The addition of a 12 mol % loading (based on MTO) of any of several organic BV catalysts provides a rate enhancement for this reaction (Table 1) . Both catalyzed (catalyst 1; Table 1 ) and uncatalyzed reactions between MTO and isotopically labeled H 2 18 O 2 generate 18 Olabeled methanol (see the Supporting Information), which is consistent with the O atom in the product originating from H 2 O 2 . Lumiflavin derivatives 1 and 2 (entries 2 and 3) and isoalloxazine derivative 3 (entry 4) catalyze this reaction, resulting in higher observed rates in the presence of the catalyst. Flavin 2 is the most active catalyst, with an increase in k cat of ∼2 orders of magnitude relative to the uncatalyzed reaction. Riboflavin derivative 4 is unstable under the reaction conditions and was not observed to affect the reaction substantially (entry 5). Ethylpyrazinium salt 5 was recently shown to catalyze organic BV reactions, 21 but no catalysis was observed for the reaction of MTO and H 2 O 2 under these reaction conditions (entry 6).
The expected rate law for the reaction of MTO and H 2 O 2 (eq 1) is a combination of terms corresponding to the catalyzed and uncatalyzed reactions. First-order rate constants (k obs ) for the consumption of B were measured at different concentrations of 1 and H 2 O 2 . A plot of k obs versus [H 2 O 2 ] between 150 and 325 mM displays inhibition by H 2 O 2 for both the catalyzed and uncatalyzed reactions (Figure 1 ). Although this inhibition is consistent with the proposed rate law, the variation in the k obs values for catalyzed reactions prohibited confirmation that the catalyzed reaction is inverse-second-order in H 2 O 2 .
A plot of k obs as a function of [1] shows that the reaction of MTO and H 2 O 2 catalyzed by 1 is first-order in 1 (Figure 2 ).
According to the proposed rate law (eq 1), the intercept (2.3 × 10
) and the slope (0.14 s
) of the plot in Figure 2 can be combined to give the ratio of the rate constants for the catalyzed and uncatalyzed oxygen insertions: k cat /k uncat = (slope/intercept)[H 2 O 2 ] ≈ 97, which deviates from entry 2 in Table 1 because the ratio in Table 1 comes from a single point that deviates slightly from the fitted line in Figure 2 .
The rate of the background reaction between MTO and H 2 O 2 is pH-dependent.
15a Thus, to avoid a potential difference in pH between the catalyzed and uncatalyzed reactions, the reactions of H 2 O 2 and MTO with and without added flavin 1 were both conducted in deuterated phosphate buffer (200 mM) in place of D 2 O in the solvent mixture. Attempts using a neutral phosphate buffer were unsuccessful because of rapid decomposition of MTO independent of the presence of dioxygen; the colorless solution turned blue, after which a black precipitate formed. This decomposition is puzzling in view of the wide pH ranges in phosphate buffer found in Espenson's studies, 15a with the primary difference being the much lower concentrations found in the earlier studies. The decomposition was slower, but not eliminated, in a more acidic medium, and the reactions were conducted using pD 3.4 buffer. The observed rates under these conditions were too high to be measured by 1 H NMR spectroscopy, and the temperature was decreased to 24.3°C, allowing the acquisition of observed rate constants for the catalyzed and uncatalyzed reactions of 2.2(2) × 10 −3 and 4.0(1)
, respectively, with k cat /k uncat ≈ 600. Since the observed decomposition is a problem associated only with the model complex, MTO, and not the oxygen insertion catalyst, these results are encouraging for future applications of organic BV catalysts toward other organometallic oxygen insertions.
Acidic conditions were expected to slow both the catalyzed and uncatalyzed reactions of MTO and H 2 O 2 . The high rates in an acidic, buffered solvent mixture suggest that the ionic strength might have a strong accelerating effect on the reaction. However, uncatalyzed reactions conducted at 50°C with 200 mM NaClO 4 instead of unmodified D 2 O proceeded with an observed rate constant of 3.0(3) × 10 −4 s −1 , a modest acceleration over the standard conditions. Since the catalyzed reactions are only 1.2 mM in flavin, this result indicates that the acceleration due to flavin is independent of the slight increase in ionic strength it contributes to the reaction medium. While the fast rates observed in the presence of phosphate remain unexplained, the catalytic effect of added flavinium was observed in both buffered and unbuffered solution.
By analogy to enzymatic and organic oxidation reactions catalyzed by flavins and related compounds, we propose that flavin-catalyzed oxygen insertion into the Re−Me bond of MTO follows the pathway shown in Scheme 3, with oxygen insertion proceeding by a BV transition state (TS) similar to that found for MTO/HOO − (Scheme 2). 16 Density functional theory (DFT) calculations were performed to probe the mechanistic possibilities derived from experimental studies of MTO and flavinium 3. After calibration of the level of theory (B3LYP/SBKJC/6-311++G(d,p)/CPCM 22 THF solvent model) versus reported computational 16b and experimental 23 data, we sought to assess whether the flavin catalysts are predicted by the models to reduce activation barriers to oxygen insertion and to compare (a) BV and peroxo 16b pathways (Figure 3 24 −105 and −36, respectively). The present level of theory is reasonably accurate vis-a-vis the OAT enthalpies, commensurate with the results of Lee and Holm. 25 Using the same level of theory for the flavin model yielded the following OAT enthalpies (in kJ/mol): −107 for FOOH and −113 for FOO − . Interestingly, the OAT enthalpies of the neutral oxidant forms are equivalent given the uncertainty in calculations (−115 for R = H vs −107 for R = flavin), but there is a more palpable difference for the anionic forms (−49 for R = H vs −113 for R = flavin), suggesting a greater difference in oxidizing power for the latter.
Repeated attempts to isolate BV TSs for FOOH computationally were unsuccessful. Calculations by Goddard and coworkers 16b suggested that such pathways for oxygen insertion with MTO involving neutral H 2 O 2 are higher (by ∼8 kJ/mol) than those for anionic HOO − , providing a plausible explanation for the inability to isolate a BV TS for MTO/FOOH.
Partial oxidation of methane and other saturated hydrocarbons by an oxygen insertion pathway (Scheme 1) depends on the development and understanding of three key reactions: C−H activation by a metal alkoxide complex, transfer and insertion of oxygen into the metal−hydrocarbyl bond, and regeneration of the oxygen transfer agent. There are few examples of oxygen atom insertion into metal−carbon bonds, and understanding of the various pathways for oxygen insertion, which might be used to design strategies to facilitate reactions, is limited. The results of the combined experimental and computational studies herein are consistent with flavins acting as organocatalysts for the insertion of an oxygen atom into the Re−CH 3 bond of MTO with rate enhancements up to 600-fold. These results suggest that the existing repertoire of organic BV catalysts might be leveraged as a strategy in the development of oxygen atom insertions into metal−hydrocarbyl bonds that can be incorporated into catalyic partial oxidations of hydrocarbons.
